Abstract MET, the gene encoding the tyrosine kinase receptor for hepatocyte growth factor, is a susceptibility gene for autism spectrum disorder (ASD). Genetically altered mice with a kinase-inactive Met offer a potential model for understanding neural circuit organization changes in autism. Here, we focus on the somatosensory thalamocortical circuitry because distinct somatosensory sensitivity phenotypes accompany ASD, and this system plays a major role in sensorimotor and social behaviors in mice. We employed resting-state functional magnetic resonance imaging and in vivo high-resolution proton MR spectroscopy to examine neuronal connectivity and neurotransmission of wild-type, heterozygous Met-Emx1, and fully inactive homozygous Met-Emx1 mice. Met-Emx1 brains showed impaired maturation of large-scale somatosensory network connectivity when compared with wild-type controls. Significant sex Â genotype interaction in both network features and glutamate/gamma-aminobutyric acid (GABA) balance was observed. Female Met-Emx1 brains showed significant connectivity and glutamate/GABA balance changes in the somatosensory thalamocortical system when compared with wild-type brains. The glutamate/GABA ratio in the thalamus was correlated with the connectivity between the somatosensory cortex and the thalamus in heterozygous Met-Emx1 female brains. The findings support the hypothesis that aberrant functioning of the somatosensory thalamocortical system is at the core of the conspicuous somatosensory behavioral phenotypes observed in Met-Emx1 mice.
Introduction
MET (also known as protein product of the c-MET proto-oncogene) is a receptor tyrosine kinase, which binds the ligand hepatocyte growth factor (HGF). 1 Decreased MET function is associated with an increased risk of autism spectrum disorder (ASD). [2] [3] [4] [5] MET transcript expression is prominent in the cerebral cortex, hippocampus, and amygdala. 6 The changes in Met signaling during development could affect neuronal number as well as the complexity of the neuropil, [7] [8] [9] consequently altering the structure or connectivity in the brain and ultimately impacting its function. In a recent neuroimaging study, 10 when children and adolescents with autism-associated promoter variant in MET were clustered into homozygous and heterozygous groups, the MET risk allele had strong impact across individuals within the heterozygous group. The results suggested that MET risk genotype should be taken into account to stratify individuals with ASD. Human neuroimaging studies likely reflect the effects of multiple different changes at the genetic level, as reflected in the considerable heterogeneity observed between studies.
Impaired somatosensory processing and subsequent associated deficits in motor skills, interpersonal relations, social skills, and communication are well-documented in neurodevelopmental disorders, including ASD. 11 The term "tactile defensiveness" has emerged to depict the tactile hypo-or hypersensitivity of children with ASD. Mouse models offer a particularly useful paradigm to study the tactile sensitivity deficits. Mice rely heavily on tactile discrimination with their whiskers. A large portion of the primary somatosensory cortex is devoted to representation of whiskers by neural modules in a one-to-one and patterned fashion. 12 These neural modules known as "barrels" in the cortex also exist in subcortical structures, such as the sensory thalamus and the trigeminal brainstem, which carry the whisker inputs to the cortex. Thus, the mouse whisker-barrel system is uniquely advantageous to study the development, plasticity, adult organization, and function of the somatosensory system.
Previously, we have used a mouse line in which Met signaling is inactivated specifically in the cerebral cortex and hippocampus of Met-Emx1 mice. This mouse line was generated using a Cre-loxP recombination strategy. Unlike global Met null mutants, 13 Met-Emx1 mice live to adulthood, 14 allowing examination of brain structure during the postnatal and adult periods. As reported in an earlier anatomical magnetic resonance imaging (MRI) study, 15 the rostral cortex, caudal hippocampus, dorsal striatum, thalamus, and corpus callosum were all larger in adult, but not in juvenile, Met-Emx1 mice relative to wild-type mice. The specificity of the changes suggests that aberrant expansion of the forebrain is consistent with continued axonal and dendritic growth, potentially leading to improper circuit formation and maintenance. In a separate electrophysiological study, we observed an excitatory/inhibitory (E/I) imbalance in somatosensory thalamocortical transmission in an in vitro slice preparation in the same mouse model, 16 consistent with the E/I imbalance theory in autism. 17 Behavioral deficits in Met-Emx1 mice have been reported as well. 18, 19 Given the tactile impairments associated with neurodevelopmental disorders, genetic associations of MET with ASD, and our previous data of anatomical differences in structures and electrophysiology, the Met-Emx1 mouse line was chosen to study altered somatosensory responses at the circuit level in the intact live animal.
We employed in vivo high-resolution proton magnetic resonance spectroscopy ( 1 H-MRS) and resting-state functional magnetic resonance imaging (rsfMRI) to investigate the neurotransmitters (glutamate and gamma-aminobutyric acid [GABA] ) and functional connectivity alterations, respectively, within the somatosensory thalamocortical circuitry. The neuroimaging method rsfMRI is used to investigate regional brain interactions when a subject is not performing an explicit task. Resting-state functional MRI signals are thought to arise from spontaneous low-frequency fluctuations in blood oxygen leveldependent (BOLD) signal. The coherence of BOLD signalalso named "functional connectivity"-can be examined using hypothesis-driven seed-based analysis, which is based on the correlation of the resting-state time series of a selected brain region (seed) with the time series of other regions. [20] [21] [22] Functional connectivity detects tightly coupled regions in brain baseline functional systems. [23] [24] [25] [26] Therefore, rsfMRI can display basic brain functional organization, which reflects the formation and maintenance of neural networks. 27 In vivo 1 H-MRS is a noninvasive spectroscopic technique capable of measuring neurochemical concentrations in specific regions of the central nervous system. [28] [29] [30] At high field strength (!7 T) with a short echo time ( 25 ms), the resolution of coupled peaks, such as the CH 2 from glutamate and glutamine and GABA, can be clearly resolved, suggesting the potential of measuring GABA at 2.30 ppm without the need of spectral J-editing. 29, 30 The application of in vivo 1 H-MRS provides biochemical information on glutamatergic and GABAergic functions without bias introduced from sample preparation. Alterations of correlation between GABA or glutamate and functional connectivity have been reported in mental disorders or following experimental modulation [31] [32] [33] [34] but not yet in ASD. Here, we provide correlations between neurotransmitter levels and functional connectivity within the somatosensory thalamocortical circuitry in Met-Emx1 mice.
Sets of discrete neural elements linked by connections can be considered a network. An analytical technique-graph theory analysis-is helpful in assessing the brain network properties. A network can be defined in graph theory as a set of nodes or vertices and the edges or lines between them can be quantitatively described by various measures (eg, clustering coefficient, local efficiency, small-worldness [SW]) to assess the network features such as integration, segregation, and resilience. 35 This method is used to characterize organization of networks in neuroimaging studies in humans, nonhuman primates, and rats, [36] [37] [38] [39] and it has paved the way for increasingly sophisticated investigations of brain connectivity in the study of ASD. 40, 41 Recently, modular structure and hub community were detected in the mouse brain using rsfMRI, 42, 43 indicating the presence of a well-organized brain network that shares similar features as primates and rats. In addition to seedbased functional connectivity analysis, we performed a graph theory analysis to compare the transgenic mice with homozygous and heterozygous genotype with wild-type mice in topological organization across brain regions.
Methods

Animals
Founder mice, Met-fx (#016974; Jackson Laboratory, Bar Harbor, Maine 44 ) and Emx1-Cre (#005628; Jackson Laboratory), were crossed and maintained on a C57BL/6J background for >30 generations. Mice with a single inactive Met allele, Met-fx/ Emx1-Cre, are denoted as Met-Emx1 or heterozygous MetEmx1, and those with 2 inactive alleles are denoted as MetMet-Emx1 or homozygous Met-Emx1. Mice used in these experiments were adult male and female littermates from mating nonsibling heterozygotes. Wild-type mice included the Emx1-Cre allele alone, the Met-fx allele alone, and mice lacking any transgenes. In our previous studies, we observed no differences between these groups, 15, 16 and therefore, we combined the data from these groups. We imaged 6 groups: wildtype male (n ¼ 12), wild-type female (n ¼ 12), heterozygous Met-Emx1 male (n ¼ 12), heterozygous Met-Emx1 female (n ¼ 12), homozygous Met-Met-Emx1 male (n ¼ 12), and homozygous Met-Met-Emx1 female (n ¼ 12) mice. All mice were adults, more than 90 days of age. All procedures conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee, University of Maryland, Baltimore.
Image Acquisition
We performed all experiments on a Bruker Biospec 7 T 30-cm horizontal bore scanner (Bruker Biospin MRI GmbH, Ettlingen, Germany) equipped with a BGA12S gradient system and interfaced to a Bruker Paravision 5.1 console. A Bruker 72-mm linearvolume coil served as the transmitter and a Bruker 1 H 4-element surface coil array served as the receiver. Anesthesia was induced using isoflurane (*1%) with enriched O 2 , which is considered appropriate based on previous evidence in rodent models. [45] [46] [47] An MR compatible small-animal monitoring and gating system (SA Instruments, Inc., Stony Brook, New York) monitored the respiration rate and body temperature, which was maintained at 36 C to 37.5 C using a warm water bath circulation. A 3-slice (axial, mid-sagittal, and coronal) scout image using rapid acquisition with fast low-angle shot localized the mouse brain. A fast shimming procedure (FASTMAP) improved the B 0 homogeneity covering the brain. Anatomic images (repetition time/effective echo time [TR/TE eff ¼ 5000/18.42 ms]) were obtained using a 2-dimensional rapid acquisition with relaxation enhancement sequence covering the entire brain. Imaging was performed over a 1.75-cm field of view (FOV) in the coronal plane with an in-plane resolution of 146 mm using 18 slices at 1-mm thickness.
Resting-state functional MRI was acquired matching the anatomic images using a single shot, spin echo planar imaging sequence (TR/TE ¼ 1000/27.6 ms) with a 1.75-cm FOV and an in-plane resolution of 273 mm 2 using 18 slices at 1-mm thickness. Despite a weaker BOLD signal, spin echo provides much less imaging distortion than gradient echo when imaging mouse brains. Therefore, spin echo imaging was used in this study. Figure 1A shows the raw acquisition EPI images from a female mouse. Six hundred repetitions were taken, resulting in a total scanning time of around 10 minutes for each data set. Two rsfMRI sessions were acquired for each animal. During the rsfMRI experiment, we adjusted the isoflurane anesthesia to 0.75% to 1% and the respiratory rate of the mouse was *50 breaths/minute without any detectable motion.
High-resolution proton magnetic resonance spectroscopy data were obtained from the right somatosensory cortex (2.5 Â 1 Â 1.5 mm 3 , number of averages ¼ 1000) and the right thalamus (2.0 Â 2.5 Â 1.5 mm 3 , number of averages ¼ 600). Prior to acquiring the spectra, the FASTMAP procedure aided the adjustments of all first-and second-order shims over the voxel of interest. After shimming, a typical water line-width was 10 to 11 Hz (0.033-0.037 ppm). This allowed for good separation of the glutamate (gCH 3 2.35 ppm, aCH 3.75 ppm) and GABA (aCH 2 2.28 ppm, bCH 2 1.89 ppm). A short echo time Point-RESolved Spectroscopy (PRESS) pulse sequence (TR/TE ¼ 2500/10 ms) was used for MRS data acquisition. 48 The unsuppressed water signal from the prescribed voxel was collected as a biochemical concentration reference for each scan. The total in vivo imaging acquisition time was 2.5 hours.
Resting-State Functional MRI Processing
We conducted all rsfMRI image preprocessing and processing using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) and Analysis of Functional NeuroImages (AFNI) (http://afni.nimh.nih.gov/ afni). The processing pipeline included slice-timing correction, motion correction, alignment to a study-specific mouse anatomic template, band-pass filtering, orthogonalization of motion-derived parameters, and smoothing. Specifically, the first 10 and last 50 volumes were excluded from each data set according to the stability of animals and the equipment. Slicetiming correction and motion correction were performed in SPM12 with the ninth slice as the reference slice and seconddegree B-spline interpolation as the estimation method. The study-specific mouse anatomical template was created in SPM12 with 2 steps. First, the anatomical image of each mouse was aligned to the anatomical image of a representative mouse with fourth-degree B-spline interpolation. Then, the aligned anatomical images were averaged, yielding the study-specific template. Resting-state functional MRI of each mouse was aligned to the study-specific template with the original anatomic image as the source image in SPM12. Next, the motion-derived parameters were regressed and the data were band-pass filtered (0.01-0.1 Hz) and smoothed (Full width at half maximum [FWHM] ¼ 0.6 mm) with 3dBandpass function in AFNI.
Thirty-seven regions of interest (ROIs) were manually defined based on the standard Paxinos and Watson mouse brain atlas 49 ( Figure 1B ). For each animal, the regionally averaged BOLD time series was extracted from each ROI, and then these extracted time courses of ROIs were correlated using the Pearson correlation coefficient, producing a 37 Â 37 correlation matrix. A separate correlation matrix was generated each session for each mouse. A Fisher transformation yielded the z-score association matrices. Two sessions of z-score matrices were averaged for graph theory analysis.
Graph Theory Analysis
Graph theory analysis was performed in MATLAB (Ver. R2014a; MathWorks, Inc. Natick, Massachusetts, USA)-based program graph analysis toolbox (https://www.nitrc.org/proj ects/gat/). Binary adjacency matrices were derived by thresholding the 37 Â 37 association matrices at a range of densities (0.01-0.6). Six global network measures (global efficiency [GEff] , local efficiency, SW, Louvian modularity, normalized clustering coefficient, and normalized characteristic path lengths) were calculated at the selected range of densities. To avoid the bias of density selections, a range of densities (0.33-0.4) were used as the target range. The lower boundary was selected at the density when all nodes in the network had at least 1 connection based on the data from the wild-type animals in this study. The upper boundary was set to 0.4 when the averaged SW index was larger than 1.15, based on the range of the SW (eg, 1.1-1.2) used in previous publications. [50] [51] [52] Values of the 6 global network measures were calculated for densities from 0.33 to 0.4 with the step of 0.01. The averages were calculated across the target density range and were used for estimating the effect of genotype, sex, and the genotype Â sex interaction with 2-way analysis of variance (ANOVA). False discovery rate correction was performed to maintain a 5% type 1 error rate. 53 Corrected P values were demonstrated as Q values. One-way ANOVA was further performed in males and females on measurements that showed significant genotype Â sex interactions. Post hoc analysis was performed with Tukey multiple comparison test. All of the statistical analyses in this study were performed in SPSS Statistics (Version 23.0; SPSS Inc., Chicago, Illinois).
Seed-Based Analysis
For each rsfMRI session, the regionally averaged time course of somatosensory cortex (S1 and S2 combined) was extracted and correlated with the time courses of other voxels in the whole brain to create a correlation map with somatosensory cortex as the seed ROI. For each animal, the correlation map was then transformed to a z-score connectivity map with the Fisher transformation, averaged across sessions, and subjected to a 1-way ANOVA (3dANOVA) analysis with males and females separated. 3dFWHMx determined the spatial smoothness of error variance, from which 3dClustSim estimated the required minimum cluster size, maintaining a 5% type 1 error HMRS spectra from somatosensory cortex (top) and thalamus (bottom) (D). Amy indicates amygdala; Au, auditory cortex; Cg, cingulate cortex; CIC, inferior colliculus; GABA, gamma-aminobutyric acid; Gln, glutamine; Glu, glutamate; Glx, glutamate and glutamine; GSH, glutathione; Hip, hippocampus; hypotha, hypothalamus; Ins, myo-inositol; lCPu/mCPu, lateral/medial caudate putamen; M1/M2, primary/secondary motor cortex; MM, macromolecules; NAA, N-acetyl-aspartate; NAc, nucleus accumbens; Pir, piriform cortex; Pn, pontine nuclei; PnO, rostral pontine reticular nucleus; PrL/IL, prelimbic/infralimbic cortex; RSC, retrosplenial cortex; rsfMRI, resting-state functional magnetic resonance imaging; S1/S2, primary/secondary somatosensory cortex; Tau, taurine; tCho, glycerophosphocholine and phosphocholine; tCr, creatine and phosphocreatine; Tha, thalamus; V, visual cortex; 1 HMRS, high-resolution proton magnetic resonance spectroscopy.
rate (indicated as a in the Figure 3) . 54 The averaged connectivity z scores (from the significant clusters in thalamus) were subjected to 2-sample t test for quantitative analysis with respect to genotype. Values are reported as mean + standard error of the mean (SEM). Averaged z scores were used in the correlation analysis with neurotransmitter level. The connectivity profile of wild-type animals with right somatosensory cortex as the seed ROI is demonstrated in Figure 1C .
High-resolution proton Magnetic Resonance Spectroscopy Data Analysis
High-resolution proton magnetic resonance spectroscopy data were fitted using the LCModel package. 55 A simulated basis set of model metabolites appropriate for our acquisition parameters was obtained from Stephen Provencher (PhD; LCMO-DEL Inc., Oakville, ON, Canada; personal communication, November 2012). We based the criteria for selection of the reliable metabolite concentrations on the Cramer-Rao lower bounds (CRLB) with CRLB 20% for the rodent brain. 56, 57 All concentrations were expressed as mean + SEM. In the current study, the CRLB values for both GABA (14.23% + 0.56%) and glutamate (4.89% + 0.11%) fulfilled the criteria. Figure 1D illustrates representative in vivo high-resolution 1 HMRS spectrum from the right somatosensory cortex and thalamus of 1 male wild-type mouse. We analyzed the levels of GABA, glutamate, and the ratio of glutamate to GABA (glutamate/GABA) with 2-way ANOVA to assess the effects of genotype, sex, and genotype Â sex interaction. One-way ANOVA was further performed in males and females when significant genotype Â sex interaction was observed. Post hoc analysis was performed with Tukey test. The significance level was set at P < .05. Since only females demonstrated significant genotype effect in the seed-based analysis, we performed the correlation between functional connectivity (averaged connectivity z scores from the significant cluster in thalamus) and neurotransmitter levels only in females with Pearson correlation test within each group.
Data Availability
The data sets generated and analyzed during the current study are available from the corresponding author upon request.
Results
Network Topology Alteration
The average of global network measures in the target density range were significantly different with respect to the genotype effect in 2-way ANOVA (Figure 2A) y P < 0.05, yy P < 0.01 main sex effect; $$ P < .01 genotype Â sex interaction; *P < .05, **P < .01, ***P < .001 between group difference. ANOVA indicates analysis of variance; C/C rand , normalized clustering coefficient; GEff, global efficiency; HET, heterozygous; HOM, homozygous.; L/L rand , normalized characteristic path lengths; MLocEff, local efficiency; ModL, modularity; SEM, standard error of the mean; SW, small-worldness; WT, wild-type.
investigate the effect of genotype on MLocEff in males and females separately. A main effect of genotype was observed in females with F[2, 33] ¼ 14.678, P < .001 ( Figure 2B ). MLocEff was significantly increased in female homozygous MetEmx1 mice (P ¼ .016) and decreased in heterozygous MetEmx1 mice (P ¼ .047) when compared with wild-type mice. A significant difference between heterozygous and homozygous Met-Emx1 mice was also observed (P < .001) that MLocEff in homozygous Met-Emx1 mice was significantly higher than in heterozygous Met-Emx1 mice. Only a main effect of sex was observed in the area under the curve of normalized characteristic path lengths (L/L rand ; F[1, 65] ¼ 8.276, P ¼ .005, Q ¼ 0.03). No difference in the effect of genotype, sex, or genotype Â sex interaction was observed in the area under the curve of GEff.
Alteration of Somatosensory Thalamocortical Functional Connectivity
The functional connectivity maps of somatosensory cortex (S1 þ S2) were subjected to 1-way ANOVA with males and females analyzed separately. Clusters in thalamus with main effect of genotype were only observed in females, P < .02 (type 1 error rate, a < 0.05), as shown in Figure 3A . In addition, between-group comparison showed increased somatosensory thalamocortical connectivity in female homozygous MetEmx1 mice when compared with wild-type female mice, P < .01 (type 1 error rate, a < 0.05) ( Figure 3B ). The averaged connectivity z score of clusters with a main effect of genotype significantly increased 189% in female homozygous MetEmx1 mice (0.17 + 0.02) when compared with wild-type females (0.06 + 0.01), P < .001. The z scores were subsequently used for investigation on the correlation between somatosensory thalamocortical functional connectivity and neurotransmitter levels. Heterozygous mice did not differ significantly from the wild-type mice.
Excitatory/Inhibitory Alteration in Met-Emx1 mice
Our previous in vitro electrophysiology study implicated impaired Met signaling in decreased GABAergic inhibition and increased E/I ratio. 16 Magnetic resonance spectroscopy tested the hypothesis that Met-Emx1 mice have an altered E/I balance, as measured by in vivo glutamate and GABA levels. In the right somatosensory cortex (S1 þ S2), no significant alteration in glutamate, GABA, or glutamate/GABA ratio was detected ( Figure 4A ). In the right thalamus, significant genotype Â sex interaction was observed in glutamate/GABA ratio (sex: Figure 4B) . A 1-way ANOVA was performed with males and females separately to assess the differences among genotypes. Only female mice showed a main effect of genotype, with F[2, 33] ¼ 6.483, P ¼ .004. Post hoc analysis revealed higher glutamate/GABA ratio in female heterozygous Met-Emx1 mice when compared with female homozygous Met-Emx1 mice (P ¼ .003). There was a trend toward increased glutamate/GABA ratio in female heterozygous Met-Emx1 mice when compared with female wild-type mice (P ¼ .093; Figure 4B ).
Correlation Between Glutamate/GABA Ratio and Functional Connectivity
The averaged connectivity z scores from the cluster in thalamus showing significant effect of genotype were used in the correlation analysis with neurotransmitter levels.
Correlations between thalamic glutamate/GABA ratio and somatosensory thalamocortical functional connectivity were estimated in females, with the 3 genotypic groups analyzed separately ( Figure 5 ). Only a significant negative correlation between somatosensory thalamocortical functional connectivity and thalamic glutamate/GABA ratio was observed in Figure 3 . Impaired Met signaling leads to sex-specific differences in functional connectivity. One-way ANOVA shows significant functional connectivity alterations in thalamus with somatosensory cortex (S1 þ S2) as the seed ROI in females but not in males (A). Additional post hoc testing demonstrated clusters of voxels in homozygous female mice that were significantly different to control animals (B). a indicates type 1 error rate; ANOVA, analysis of variance; HET: heterozygous, HOM, homozygous; ROI, region of interest; WT, wild-type.
heterozygous Met-Emx1 mice (r ¼ À0.664, P ¼ .019), while this correlation was absent in wild-type and homozygous MetEmx1 mice.
Discussion
Our findings reveal several features of altered neural network communication in mice with targeted Met receptor inactivation. Decreased SW, normalized clustering coefficient, and modularity in heterozygous Met-Emx1 mice were observed when compared with wild-type ones. In addition, local efficiency in female mice was significantly increased in homozygous Met-Emx1 mice and decreased in heterozygous MetEmx1 mice when compared with wild-type mice. In female Met-Emx1 mice, we found (1) a significantly increased functional connectivity between somatosensory cortex and thalamus in homozygous Met-Emx1 mice when compared with wild-type mice, (2) glutamate/GABA ratio in thalamus is negatively correlated with the somatosensory thalamocortical connectivity in heterozygous Met-Emx1 mice, and (3) a marginally increased glutamate/GABA ratio in thalamus of heterozygous Met-Emx1 mice and significantly higher glutamate/ GABA ratio in female heterozygous Met-Emx1 mice when compared with female homozygous Met-Emx1 mice.
The reduced network modularity, SW, and normalized clustering coefficient in the current study agree with previous studies involving young autism patients. 58, 59 Altered clustering coefficient and local efficiency indicated altered brain functional segregation. 35 The features of SW of brain functional networks were formed during typical brain maturational processes when functional connectivity tends to weaken locally and strengthen over longer distances. [60] [61] [62] The present results demonstrated that cortical and hippocampal disruptions of HGF-Met signaling during the brain maturational process may impair the maturation of large-scale network community. Hyperconnectivity has been observed in thalamocortical system of individuals with ASD. 63, 64 Enhanced somatosensory thalamocortical connectivity in the present study provides Figure 4 . Comparison of glutamate and GABA levels. The concentrations of glutamate and GABA and the glutamate/GABA ratio were measured in somatosensory cortex (A) and thalamus (B). Values are means + SEM. Two-way ANOVA showed significant effect of sex and genotype Â sex interaction of Glu/GABA ratio in thalamus. One-way ANOVA was further performed on measurements with significant genotype Â sex interaction in both males and females. Only females showed significant genotype effect on Glu/GABA ratio in thalamus.
## P < .01 main genotype effect; y P < .05 main sex effect; $ P < .05 genotype Â sex interaction; **P < .01 between group difference.^.05 < P < .1 trend of between-group difference. ANOVA indicates analysis of variance; GABA, gamma-aminobutyric acid; Glu, glutamate; HET, heterozygous; HOM, homozygous; SEM, standard error of the mean; WT, wild-type. Figure 5 . Correlation between thalamic glutamate/GABA ratio and somatosensory thalamocortical functional connectivity. Pearson correlation test revealed significant negative correlation between thalamic glutamate/GABA ratio and functional connectivity between somatosensory cortex and thalamus. GABA indicates gamma-aminobutyric acid.
evidence that the disruption of HGF-Met signaling in the neocortex during development can lead to functional deficit in the somatosensory inhibitory system and contribute to the autistic phenotype.
Previous studies noted altered E/I balance in ASD, involving both glutamate and GABA (reviewed by Nelson and Valakh) . 17 Our previous in vitro electrophysiology study 16 indicated that the E/I ratio increases due to a dramatic reduction in postsynaptic inhibition, as reflected in decreased amplitude of the spontaneous inhibitory postsynaptic currents in the thalamocortical pathway in Met-Emx1 mice. 16 Our current study showed that although the absolute concentrations of glutamate and GABA were not altered in Met-Emx1 mice, the glutamate/ GABA ratio showed an increase which provides in vivo evidence to support the E/I imbalance theory in kinase-inactive Met mice. Loss of Met activity, specifically in interneurons, has been reported to impair cognitive and procedural behaviors. 8 The negative correlation between the glutamate/GABA ratio in the thalamus with the somatosensory thalamocortical connectivity in Met-Emx1, but not in wild-type mice, provides a link between the neurotransmission imbalance and thalamocortical system overconnectivity in this model. Future studies will design appropriate behavior tests to investigate whether MetEmx1 mice show impaired thalamocortical system behavior, correlated to neurotransmission imbalance and brain functional overconnectivity.
Other novel findings of the current study are the difference between heterozygous and homozygous Met-Emx1 mice and between males and females. Sex differences, specifically a "male bias" or "female protective effect," have been noticed in previous studies that males are affected more frequently than females. 65, 66 Recently, there is an emerging awareness that the sex differences may be due to different phenotypic presentation in females and the failure of detecting autistic females by current diagnostic procedures. 65, 67, 68 Autism may manifest itself differently, and in some ways more subtly, in females. 69 Recent studies have identified sex-related differences in behavioral characteristics. 70, 71 But research to date is yet to define or provide a systematic understanding of the female presentation. 69, 72 In this study, male heterozygous Met-Emx1 mice presented more alterations than male homozygous Met-Emx1 mice when compared with wild-type mice in network topology, while both female heterozygous and homozygous Met-Emx1 mice showed network topological alterations and thalamic E/I imbalance. These findings indicate that fully inactive Met in the cerebral cortex and hippocampus does not necessarily result in more alterations than single allele inactivation of Met. The lack of differences in homozygous Met-Emx1 mice may be due to early compensation for the complete lack of Met Signaling, due to the inactivated allele. Also, the sex bias that males are more prone to autism-associated impairment may not hold true when focusing on a specific genetic basis.
Our results are consistent with some of the observations from individuals with the Met susceptibility alleles 10 but not all. The genetic changes are different in each case. In the MetEmx1 mice, the Met receptor is inactive, whereas in individuals, the rs1858830 variant is located in a noncoding region and appears to alter MET expression. Although the MET rs1858830 variant has a strong impact in both heterozygous and homozygous cases, the Met-Emx1 mice did not show a strong phenotype in the heterozygous group. A possible explanation is that in the Met-Emx1 mice, Met was altered only in the cerebral cortex and hippocampal regions, and the full phenotype may involve subcortical areas and inactivation of Met in broader brain areas may generate phenotypes more similar to the human results.
The present study should be viewed with the caveat that anesthetic isoflurane, also a vasodilator, can alter cerebrovascular activity and can have dose-dependent effects on both task-based and resting-state BOLD responses. 46, 73 We used the minimum dose of isoflurane (1%) to maintain the immobility of the animals. Imaging with this dose or higher doses has shown preserved brain network activity and network organization in rodents. 42, 73, 74 Therefore, the functional connectivity observed in this study should represent the intrinsic property of functional brain organization. However, the possibility exists that mice with different genotypes respond differently to isoflurane. To resolve this question, future studies testing cerebral blood flow will be necessary.
In conclusion, our study revealed altered thalamocortical functional connectivity and correlations between neural circuits and neurotransmission in mice with the inactive autismassociated Met tyrosine kinase. The present results provide valuable in vivo evidence to support our hypothesis that aberrant functioning of the somatosensory thalamocortical system is at the core of the conspicuous somatosensory behavioral phenotypes observed in Met-Emx1 mice and in individuals with ASD. The relative level of glutamate and GABA can play an important role in the functioning of the somatosensory thalamocortical system.
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